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THE INTERACTION OF MICROWAVE RADIATION WITH
PAPER-WATER SYSTEMS
SUMMARY
The interaction of paper-water systems with microwave radiation is exploited
in two different paper industry applications: microwave moisture gages and microwave
driers. The successful operation of such devices depends upon the large real and
imaginary parts of the dielectric constant of water at microwave frequencies. The
driers function because the imaginary part results in heat generation, while different
moisture gages rely on differing combinations of both parts.
The goal of this project was to measure the dielectric constant of paper
as affected by environment, additives, and papermaking processes. This is intended
to better define the basic interaction between paper and microwave radiation, so that
moisture gages and driers can be more effectively designed, evaluated, and used.
An apparatus for measuring the dielectric constant of thin materials in the
X-band frequency range has been designed and constructed. It utilizes a slotted line
which, although tedious to operate, provides unequaled accuracy. To further increase
sensitivity and accuracy, a computer simulation of a graphical method for statistically
analyzing slotted line data has been developed. The result is a system that measures
the dielectric constant of thin sheets to an estimated uncertainty of + 0.05.
A number of interesting properties of paper have been discovered:
1. The real part of the dielectric constant is about 2.0 for oven dry kraft
pulps (at 9.6 GHz), and is slightly less for high yield pulps. The
imaginary part of the dielectric constant for all oven dried pulps is
very small, i.e., they may be considered lossless.
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2. In the frequency range studied, the changes in dielectric constant as a
function of frequency are in the same direction as for liquid water.
3. The real and imaginary parts of the dielectric constant plotted against
moisture content display a concave shape. This can be interpreted in
terms of an increase in the proportion of free water in the system, or
to the geometry of the fiber-water-air mixture.
4. Increasing temperature causes an increase in dielectric constant, especially
at high moisture contents.
5. Basis weight effects on the dielectric constants (at least for newsprint
samples) are small.
6. Wet pressing and refining both cause increases in the measured dielectric
constants, but the increases can be explained in terms of the increased
density resulting from these operations.
7. Increases in dielectric constant resulting from calendering cannot be
explained in terms of an increase in density.
8. The effect of TiO2 on the measured dielectric constant is very small.
This result is surprising since TiO2 has a dielectric constant greater
than water at these microwave frequencies.
9. In machine made papers the dielectric constants are greater in the machine
direction than in the cross machine direction. This anisotropy is believed
to arise from the in-plane fiber orientation. Since drying restraints are
not involved, the ratio of machine to cross-machine direction dielectric
constant may provide a measure of fiber orientation.
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INTRODUCTION
The moisture content of paper webs and felts can be found indirectly by a
variety of methods, but no single method can be utilized with reasonable accuracy for
all paper grades over a broad moisture range, e.g., one percent to near saturation.
Microwave techniques have the potential, however, of allowing measurements over a
very broad range of basis weight and moisture content. In addition, microwave driers
have the very desirable feature of selectively drying wet streaks.
The microwave region of the electromagnetic spectrum lies between the radio
wave region and the infrared, extending in frequency from about 109 to 1011 Hertz.
Like all electromagnetic radiation, microwaves may be reflected, refracted, diffracted,
or scattered. Microwaves penetrate most nonmetallic materials, a feature which permits
various applications in nondestructive testing.
Water displays an interesting behavior in the microwave region in that it
has a very high dielectric constant and loss factor compared to most materials in
which it is found. The water molecule is a good absorber of microwaves, and this
allows the continuous and instantaneous determination of moisture content for many
materials. The high loss factor of water is primarily attributed to the induced
rotation of the water molecule. The free water molecule possesses a large permanent
dipole moment, which responds easily to the changing electric field vector at frequencies
below the microwave region of the electromagnetic spectrum. At microwave frequencies,
however, these polar groups cannot respond as easily to the field, and an absorption
of energy results, peaking at slightly above 1011 Hertz. Any interference with dipole
reorientation will alter the absorption with respect to that of free water.
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Cellulose is a material which can influence the absorption. In materials
containing polar groups, such as hydroxyl groups in cellulose, it is possible that
some of the water present will be bound to these groups via hydrogen bonding. Such
bonding could restrict the rotational absorption of energy of the water molecule.
Accordingly, this fraction of bound water must be taken into account.
Another method of determining moisture levels by microwave measurements
exploits the previously mentioned fact that the dielectric constant of water is still
high at low microwave frequencies. The insertion of a lossy dielectric material into
a microwave cavity will result in energy losses (as described above) but will also
result in a shift of the resonant frequency of the cavity. The perturbation of the
resonant frequency of a microwave cavity is dependent on both the volume and dielectric
constant of the perturbing material. Since these are affected by the amount of water
present, the frequency shift resulting from the introduction of the sample is a measure
of the moisture content. As before, however, other web variables can strongly in-
fluence the measured moistures.
Surprisingly, very little is known about the microwave-paper interaction.
Relatively few studies have been published dealing with the fundamental parameters
critical to the optimization of microwave moisture gage performance, or with respect
to microwave (and radio-frequency) paper machine driers.
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OBJECTIVE
The objective of this program is to measure changes in permittivity, at
microwave frequencies, attributable to certain process variables. The fundamental
parameters associated with the paper-water systems which are of interest are the real
and imaginary parts of a complex permittivity. These are related to the dielectric
constant and loss tangent. In addition to the water constant of the sheet, they
are dependent upon the manner in which the water is held by the sheet and on the
structure and composition of the paper. Other normal sheet components, such as
fillers, might also be expected to influence the measured permittivities. At present
there seems to be no complete theory which relates the permittivities of the compo-
nents to those of the composite. One aspect of the work described here was to
obtain sufficient data, with reasonable accuracy, so that inferences could be made
concerning the effects of the components on the response of the composite.
I
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BACKGROUND
When discussing the interaction of microwave radiation with matter it is
necessary to talk in terms of a complex permittivity (or complex dielectric constant).
The meanings and significance of these terms, especially when applied to a hetero-
geneous material such as paper, are presented here.
Complex permittivity is perhaps most easily understood by considering a
parallel plate capacitor. If a capacitor with a vacuum dielectric (void) is con-
nected to a sinusoidal voltage source,
V = V exp(iwt)
o
it will store a charge,
Q = C V.
o
C is called the geometrical (or vacuum) capacitance of the capacitor, and, fringing
effects neglected, is equivalent to £ A/d where c is the permittivity of free space,
A the surface area of one capacitor plate, and d the distance between plates. In
this case the charging current
I = dQ = iWC V
c dt o
= I exp[i(wt +)]
leads the voltage by a phase angle of 90°.
If the capacitor is filled with some substance, the capacitance increases to
C = C E'
o
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where e' represents the real part of the dielectric constant. In addition to the
charging current there now appears a loss current, so that the total current is
It = I + I1.
t c 1
In other words, the capacitor can be characterized by a loss parameter as well as a
capacitance parameter. This loss parameter, in part, arises because dipoles, induced
in the material as a result of the impressed voltage, are hindered in their attempt
to follow or align themselves within the applied field. The loss may be represented
as either a series or parallel resistance.
In the parallel circuit of Fig. 1, R represents the loss component (Joule
heating, hysteresis losses, etc.) and C the pure capacitive component. The loss
current, I1, is expressible as
I R
so that the total current traversing the capacitor is
It = (iC + -bV.
A vector diagram for this parallel circuit is shown in Fig. 2. In the figure 0 is
the phase angle. Since a finite time is required for the dipoles to align with the
applied field, the current no longer leads the voltage by wT/2. It is customary to
describe the charging current and the loss current by the introduction of a complex
dielectric constant.
£ = £' - is",
or a complex permittivity, EE .
O
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The total current may now be written
I = iwC EV.
t o
If the frequency is increased to higher and higher values, a point is
eventually reached where the time required for electromagnetic disturbances to
propagate through a system is no longer small compared to the period of oscillation.
When this occurs the low frequency description just given is invalid, and Maxwell's
equations must be applied with the appropriate boundary conditions [e.g., see
Reference (1)]. At microwave frequencies, disturbances propagate on the order of
one centimeter in one period, and Maxwell's equations must be used to characterize
systems of centimeter and greater dimensions.
In an infinite free space the sinusoidal solutions to Maxwell's equations
1/2
are plane waves with wavelength, A = 27r/(£ po) / , where p is the magnetic per-
WX 1/2meability of free space. The phase velocity of the plane wave is 27 or 1/(E o )/
When electromagnetic waves propagate through dielectrics, eE replaces e in these
expressions, resulting in a lower velocity than in free space. Also, the imaginary
part of £ makes X imaginary, and the amplitude of the wave decreases exponentially.
As in the low frequency analysis, E" results in a loss of energy in the form of heat.
Microwave energy can be propagated in rectangular waveguides. Here sinusoidal
solutions to Maxwell's equations are found that meet the boundary conditions imposed
by the waveguide. There are many modes of propagation in a waveguide. Each mode has
a cutoff frequency below which it decays exponentially along the waveguide and cannot
propagate. For simplicity, rectangular waveguides are employed in a frequency range
where only one mode (the principal mode) can propagate. In a dielectric filled wave-
guide the wavelength of the principal mode is 2T/(/e 2o - 472/cA) /2, where A is the
cutoff wavelength of the waveguide. As before, a complex permittivity will result in
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a shorter wavelength and in energy losses. Complete discussions of dielectric behavior
are provided by standard electromagnetic field theory texts (1, 2).
DIELECTRIC CONSTANTS OF COMPOSITE SYSTEMS
When a material is a heterogeneous mixture of substances of differing
dielectric constants, an effective dielectric constant of the mixture can be
described. The mixture is placed between capacitor plates and the charge required
to obtain a certain voltage is measured. The effective dielectric constant, £ ,
of the mixture is said to equal that of a homogeneous material which requires the
same charge and voltage. If the detailed geometry of the mixture is known, e
can be calculated from the dielectric properties of the constituents by solving
the differential equation, V*EVV = 0, subject to the boundary conditions at the
plates. The dielectric constant at a particular point, E, can vary throughout the
mixture. If it is known, a solution for V can be found, and the charge may be cal-
culated from the integral feVV'dA over any surface between the plates. The effective
dielectric constant, e , is then found from the ratio of charge to plate voltage drop.
It happens that e depends not only on the dielectric constant of each
e
component and its relative abundance, but also on the geometry of the mixture.
This important point can be demonstrated by considering two simple mixtures as shown
in Fig. 3. Mixture 1 is made from sheets of two substances of different dielectric
constants (el and e2) stacked so that the sheet normals are along the electric field.
In mixture 2 the sheet normals are perpendicular to the field. The first case is
equivalent to a set of capacitors in series and 1/e = q/e£ + (l-q)/c 2 , where q is
the volume fraction of E1. In the second case the capacitors are in parallel, so
C = qE1 + (l-q)E2. The effective dielectric constant for the parallel case is alwayse
greater than for the series alignment, even though both mixtures have the same portion
of constituents. Physically, the reason the parallel mixture is more effective is that
'i




the high dielectric portion provides continuous paths of low impedance along the
field lines. In the series case the field lines are always broken by low dielectric
constant regions resulting in concentration of the field in regions of high impe-
dance. It can be proved (3) that the parallel and series alignments are the extreme
situations, and that any other mixture of the same portions must have a value of
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MIXTURE I MIXTURE 2
Figure 3. Two Simple Mixtures (see text)
Paper is, of course, a heterogeneous mixture of substances having different
dielectric constants. Basically it can be thought of as a mixture of fiber, air,
and water. The dielectric constant of water is much greater than the dielectric
constants of the other two components. Therefore, the value of the effective di-
electric constant for paper depends largely on the amount of moisture and how it is
distributed through the sheet. In addition, the polarizability of the H20 molecule
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must be considered. The dielectric properties of proteins are explained (4) by
dividing the water present into two parts: a shell of "bound" water surrounding the
protein molecule and a region of "free" water having the dielectric properties of
liquid H20. The major dielectric difference between bound and free water is the
frequency at which rotation of the permanent dipole moment relaxes. As discussed
earlier, at low frequencies, water molecules (bound or free) have permanent dipole
moments which can rotate with a sinusoidal electric field and contribute to the real
part of the dielectric constant, c'. As the frequency is increased the dipoles begin
to trail the field. When this occurs the dipole motion is out of phase with the
electric field, resulting in a large imaginary component of the dielectric constant,
c". The value of e" increases with frequency until the dipoles can no longer keep up
with the rapidly changing field, and the contribution of the dipoles to c' decreases.
The imaginary part of the dielectric constant has a resonance peak in the relaxation
region as e' is decreasing. Free water dipoles relax at about 20 GHz, while the bound
water in proteins relaxes nearer 1 GHz. Assuming the water bound to cellulose behaves
in a similar manner, different contributions from bound and free water are expected in
microwave permittivity experiments.
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EXPERIMENTAL
EXPERIMENTAL METHOD
The experimental objective of the project is to design and construct an
instrument which can measure the permittivity of thin plates with maximum accuracy.
The interaction of the sample and the microwave radiation must be mathematically
defined so that a permittivity can be determined from the measurements. This is not
the case with moisture gages, whose output can be calibrated from the readings of
samples with known moisture content. Even though a microwave moisture gage responds
to changing permittivity, its design will be quite different from a laboratory instru-
ment used to measure permittivity.
After considering a number of alternatives, a "slotted line" technique
was chosen for our measurements. A slotted line is a section of rectangular wave-
guide with a slot in the middle of one side, parallel to the propagation direction.
Since the principal mode current is parallel to the slots, it causes no first order
perturbation in the electromagnetic field and its effect can be ignored. A small
probe, that responds to the electric field strength, is inserted in the slot. The
probe is mounted on a carriage that allows it to traverse the slot at a constant
insertion depth. The form of the electric field in the waveguide can be determined
from the probe current, as the probe moves along the slot. When combined with pre-
cision micrometers, slotted line techniques provide very accurate measurements of small
field changes. A single apparatus can be used over a moderate frequency range and the
cost of such a system is modest. The major drawback to slotted line techniques is
that data taking is tedious and time consuming. In the case of a laboratory instrument,
one can live with this inconvenience.
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In the particular slotted line method used in this work, a moveable short
with micrometer control is used to terminate the waveguide. A short is merely a con-
ductor with a flat edge at right angles to the waveguide walls. It is machined to
closely fit in the waveguide. The short imposes a boundary condition of zero electric
field along its surface. When a plane wave is incident on the short, it is completely
reflected. The incident and reflected waves form a standing wave pattern. The
resulting electric field is null at the short and at every half wavelength increment
in front of the short.
A schematic diagram of the.experimental apparatus used in this work is shown
in Fig. 4. The frequency range employed is the X-band, extending from about 8.2 to
12.4 GHz. The permittivity of a paper specimen is determined from its effect on the
standing wave pattern in the shorted waveguide. The sample is placed in the waveguide
with its face normal to the microwave radiation, between the moveable short and the
slotted waveguide. The moveable short is attached to a precision micrometer, as is
the detector probe in the slotted line. Energy is supplied to the waveguide by a
Polarad* 1108A variable frequency microwave signal generator, with internal 1000 Hz
square wave amplitude modulation, after passing through a Hewlett Packard**' 11686 A
low pass filter. The signal is picked up by the probe, rectified by an Alpha In-
dustries*** DDC4561D Low Barrier Schottky Diode (LBSD) in the probe mount, and sent
to a Hewlett Packard** 415E Standing Wave Ratio (SWR) meter which has a 1000 H'z
bandpass filter. The combination of 1000 Hz signal modulation and 1000 Hz receiver
filter is used to improve the noise to signal ratio. All waveguide and other com-
ponents were commercially available, but it was necessary to modify the probe carrier
*Polarad Electronic Instruments, 5 Delaware Dr., Lake Success, NY 11040.
**Hewlett Packard, 1820 Embarcadero Rd., Palo Alto, CA 94303.
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and moveable short in order to use micrometers with 0.0001 inch dial divisions. These
micrometers were necessary to provide the accuracy needed when working with thin sheets.
If the shorted waveguide is empty (no sample in place), a near perfect
standing wave results from the interference between the incoming wave and the wave
reflected by the short. The reflection coefficient, r, is defined as the ratio of
the reflected to the incident wave. The absolute value of r is one at all points
along the empty waveguide, but its phase angle varies from ir at the nodes to zero
at the antinodes. If N measurements of r were made at some point as the short was
moved through distances, d = iX/2N, where i = O,...N-1, the values of r, w,
in the complex plane, would lie on the unit circle 27/N radians apart. ThJ
is shown in Fig. 5, with N = 8.
If a sheet of paper is now inserted in the waveguide, between the 
and the short, radiation reflected and absorbed by the sheet will rotate the rF.
move them inside the unit circle. The decrease in wavelength in the sheet causes ti..
rotation, while the decrease in the absolute value of F is due to losses in the sheet.
The magnitude of the effect on the value of r also depends on the spatial relationship
between the paper and the resulting standing wave pattern. For example, the paper will
have a larger effect on r if it is placed near an antinode of the empty waveguide. Al-
though the value of r is a complicated function of paper thickness and the real and
imaginary parts of the permittivity, it is conceptually helpful to picture the real part
of E as rotating r and the imaginary part as decreasing Irl.
The total effect of a substance in a waveguide may be characterized at some
plane by a scattering matrix, Sij, where i,j = 1,2. The scattering matrix relates the
incident and reflected parts of the total input and output voltages. This is illustrated
in the representation of a scattering network shown in Fig. 6. With reference to this
I

































Members-of The Institute of Paper Chemistry
Project 3322
figure, ai and a2 are the incident voltage amplitudes for the indicated directions,
and bi and b2 are the reflected voltage amplitudes in the directions indicated.
These latter four quantities are related through the scattering matrix:
bl = S1 lal + S12a2
b2 = S21ai + S2 2a2 .
Thus the scattering matrix, Sij, is the ratio (at the plane) between radiation entering
the substance on the j-side and exiting from the i-side, when the waveguide is
terminated in its characteristic impedance on the side opposite j. The interested







A graphical technique (5, 6) has been developed to determine the scattering
matrix, at a plane a known distance from the first position of the short, using the
values of F at the previously described N locations of the short. If the r's are
plotted on the complex plane they are found to lie on a circle with a radius no longer
one and whose center, C, is moved away from the unit circle origin. This is depicted
in Fig. 7, again with N = 8. When lines between opposite data points are constructed,
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S.. relative to the first position of the short then proceeds as follows. Referring
to Fig. 7:
(1) a line is drawn between C and 0;
(2) perpendiculars are drawn to this line in opposite directions at
points C and 0 (lines OA and CB);
(3) another line is drawn between the points of intersection of the two
perpendiculars and the circle (points A and B);
(4) the point, O', is determined by the intersection of the lines CO and
AB, constructed in steps 1 and 3;
(5) the absolute value of Sll is calculated by measuring the length
of 0'O, while the absolute value of S2 2 is equal to the length of O'C
divided by the radius of the circle;
(6) the phase of Sll is found by taking the phase of O' and adding 7T;
(7) the absolute value of S12 is found by measuring the distance from
O' to the circle along a perpendicular to the line in step 1 and
dividing by the square root of the radius of the circle;
(8) a line is now drawn from the data point closest to the circle, say
M' at location 8, through 0' to N';
(9) a line is next drawn between C and N' extending to M";
(10) a line is drawn from C at an angle N from line CM", where
MN is the data number for M'. In Fig. 7, MN is 8 and the line
constructed is CP". The angle in question is M"CP", which on Fig. 7
is 7X/8 (since MN = N' = 8);
(11) twice the phase of S12 is found by measuring angle OCP";
(12) finally, the phase of S22 is found by measuring the angle between
the positive real axis and CP".
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For a homogeneous material of known dimension, it is possible to calculate
the permittivity from the scattering matrix. In fact, there is enough information
so that the permittivity can be found either without knowing sheet thickness or
without knowing the distance of the sheet from the S.. reference plane. For example,
if the reference plane is measured from the right side of the sheet, the thickness
can be found by transforming Sll such that it equals S22. The absolute value of Sil,
by symmetry, equals that of S22 for a homogeneous sheet, but the phase depends on
the relation of the reference frame to each edge. The thickness of sheet, therefore,
can be calculated from the phase difference between Sll and S22.
If paper were homogeneous with well defined boundaries, this technique
could be rigorously used to determine a value for the complex permittivity. Un-
fortunately, paper is a very inhomogeneous material with a poorly defined thickness.
Nonetheless, if the paper's measured scattering matrix can be reproduced by a homogeneous
sheet of constant thickness, a permittivity number can be associated with the paper.
This is possible if I|Sll = |S2 21. In this case the permittivity of the paper would
be said to equal that of the fictitious homogeneous sheet. The latter, however, must
be constrained by either a value for the thickness or a value for the distance from
the sheet to the first location of the short. If it is not, an infinite combination
of sheet thicknesses and permittivities can be found which will generate the measured
S..'s. Therefore, in order to associate a unique permittivity value with paper,
either its thickness or the location of one of its boundaries must be defined. Since
paper caliper and boundary location are equally nebulous concepts, the value of the
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The calculations necessary to produce the scattering matrix and the complex
permittivity from the N-waveguide measurements have been programmed for those cases
of known thickness and boundary location. The method gives reasonable results in
that: (1) I|Sll = IS221, to within 1%; (2) when a boundary is defined by placing the
paper next to the original position of the short, the calculated thickness is about 10%
larger than the thickness measured by standard caliper gages; (3) the complex permit-
tivities are within the expected range; and (4) the calculated location of the sheet
boundary is close to that predicted when the sheet is placed at an arbitrary position
and the thickness as measured with a caliper gage is used to constrain the calculations.
For purposes of data collection, the constrained thickness technique was
used. The thickness is determined using a standard caliper gage, and this value is
used together with the measured scattering coefficient data to compute the permittivity.
The advantages of this method (as compared to the constrained boundary method) are (1)
the sheet boundary area is not deformed, and (2) the initial short position can be
chosen so that the sample is never too close to a waveguide null where the effect of
the paper is difficult to measure.
EXPERIMENTAL PROCEDURES
An important aspect of the slotted line technique concerns how the thin
specimen is mounted inside the waveguide. In order to get accurate and repeatable
results, it is necessary to carefully align the paper in the waveguide without
inserting extraneous material that alters the standing wave pattern. This was
achieved in the present work by using "window shims" of assorted thicknesses. A
window shim has a punched hole with a height equalling that of the waveguide and
with a length slightly longer than the waveguide width. The waveguide has dimensions
0.4 by 0.9 inch. The paper specimen is cut to fit tightly in a window shim. The
shim thickness is chosen to be slightly smaller than the specimen thickness. The
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shim is then clamped between the slotted line and the moveable short (see Fig. 4)
providing a firm grip on the paper. There is no first order effect on the standing
wave pattern due to the shim, because the currents in the waveguide along the short
dimension are parallel to the wall gaps caused by the shim.
For thin sheets (<0.012 inch) the effect of the paper on the standing wave
pattern is not large enough to allow accurate measurements of the dielectric constant.
Dielectric constant measurements were made on stacks of different thicknesses. It was
found that the variation of the dielectric constant was within the expected experimental
error, if the sheets were carefully cut and stacked in the window shim. Therefore,
measurements on stacks of sheets were used to calculate the dielectric constants of
thin sheets.
When making measurements on paper using the slotted line technique, a power
level must be chosen that is large enough to give good signal to noise ratio, but
small enough so that the sheet is not dried. A similar trade-off is encountered when
probe depth is specified. If the probe is too deep in the waveguide, the standing
wave pattern is perturbed, and if it is too shallow the signal may be insufficient
for accurate measurements. For these reasons a great deal of experimentation is
necessary before optimum combinations of power level and probe depth are chosen.
.The actual experimentation with a given specimen is carried out in the
following manner.
(1) The equipment is assembled with an empty shim (of the appropriate
thickness to be used with a given paper specimen) inserted between
the slotted line and the variable short.
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(2) The wavelength in the slotted line, XSL' is measured. This is
done by measuring the distance traveled by the probe between
minimums. The location of minimums is found by (a) visually
locating a minimum (with the SWR meter), (b) moving approximately
0.002 inch to one side and recording the reading, (c) moving to
the other side of the minimum until an identical reading is
found, and (d) averaging the two positions.
(3) The wavelength in the waveguide containing the moving short, XMS'
is measured. This is done by finding the distance the short must
move to cause minimums to repeat at a single probe setting.
(4) Construct a SWR calibration curve. This is done by locating
a minimum, and then determining the SWR meter readings as a
function of distance, d, from the minimum. The values on the two
sides of the minimum are averaged. These readings are plotted
against 20 log 10 sin (27d/X L) + C, where C is chosen so that
the X and Y coordinates are equal at large distances from the
minimum. A curve is drawn through the points. The meter read-
ings are corrected by using the X coordinate value, .corresponding
to a Y coordinate equal to the actual reading.
(5) Replace the short at the position of the first reading, about
XMS/16 from the sheet boundary, and locate the probe at a minimum.
(6) The empty shim is removed by disconnecting the short from the slotted
line. A paper specimen is inserted into the shim and it is returned
to the system which is then reassembled.
(7) The distance, DP, that the probe must be moved to locate the new
minimum is found and recorded.
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(8) The distance between 3dB points on the minimum of the standing wave
pattern, DX, is then recorded.
(9) Steps (7) and (8) are repeated for each of the N settings. The
distance the short is moved between data points is XMs/2N.
(10) The DX and DP values at each of the N settings, ASL' and the paper
caliper are then inputed to the computer.
The DX(i) and DP(i) values (where i = 1,2,...N), together with XSL' are
used to determine the polar coordinates R(i) and e(i) of the N data points:
R(i) = [{ISL/7DX(i)-l]/[{XSL/TDX(i)} + 1]
8(i) = 4TDP(i)/XSL
The computer program finds the best circle through these data points, and determines
the center, C, as well as the point 0 (refer to Fig. 7). The graphical procedure
described in the Experimental Methods section, again with reference to Fig. 7, is
then performed to determine the complex elements of the scattering matrix, S... In
the technique in which the specimen thickness, L, is specified (as it is here) the
elements of the scattering matrix are used in conjunction with L and XSL to calculate
the permittivity. Two new complex numbers are defined:
S12 = IS121exp(i(arg S12 - 27rL/X L)),
Sll = + IS11Iexp(ARG),
where ARG = arg Sll +arg S2 2 _ 27L/X2 SL
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A new complex number Z is now defined as
z (- 1)2 - (sl2) 
(1+1i)2 - (S12)2
where the sign used in Si1 is that which makes the real part of Z, Re(Z), greater than
one. The real and imaginary parts of the complex permittivity are then,
Re(Z) + (ASL/2a)2
1 + () SL/2a)2 '
and
~" = -Im(Z)/[l + (ASL/2a)2 ],
where a is the width of the waveguide and Im(Z) is the imaginary part of Z. A more
complete development of the equations is presented in Reference (5). All calculations
are performed by the computer program which is included in Appendix I. The program
also provides a simple error analysis.
When N, the number of settings of the short, is greater than 4, the coordinates
of C and 0 can be determined by different sets ofdata and the average can be taken
as the best data point. In the experimental work here, N = 8 was used. This gives
enough data points for a good average without making experimentation excessively tedious.
With N = 8, C can be calculated 56 different ways and 0 six different ways. The
program gives an estimate of statistical scatter by calculating the value of £' and £"
resulting from the scatter in C and 0. This is done by finding E' and E" for all
combinations of C and 0 adjusted by plus or minus one standard deviation in the real
and imaginary directions. The maximum excursions are recorded. The scatter in £,
determined as above, is used as an estimate of the data quality. Altogether, the
slotted line technique offers a variety of parameters for evaluating the data.
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These are: (1) E scatter; (2) the difference in ISll1 and IS2 2 1, and (3) the
difference between the distance from the sheet to the first short location as
measured and as calculated by the computer. Large values of any of these parameters
can come from a number of sources, e.g., poor data taking, sample misalignment, sheet
drying (when it is near an electric field antinode), differences between a sheet of
paper and a homogeneous dielectric slab, and any imperfections in the waveguide. If
any one of these three parameters is considered excessive, the experiment is repeated.
The machine-made papers and handsheets used in the investigation are listed
in Table I. The sample numbers are constructed so that the first letter or letters
denote the paper type and the three following numbers represent the nominal basis
weight in g/m2. Thus, N refers to a newsprint handsheet, NM'to a machine made news-
print, BK to a bleached kraft, KL to a kraft linerboard, UK to an unbleached kraft,
and C to a coating raw stock. In the N series, the handsheets were prepared at
different basis weights using repulped newsprint. For the BK series, the basis weight
was held constant at a nominal value of 60 g/m2, but the handsheets were either
calendered or filled with TiO2 or clay. For this series, the subnumbers -01 and -02
refer to two levels of calendering, -05 and -15 refer to the percent of TiO2 added as
a filler (by weight), and -10 and -25 refer to the percentage of clay added as filler.
Also for the BK series, the subnumbers -04, -08, and -12, refer to weight percentage
of TiO2 retained (per ovendry weight). The kraft linerboard series are machine-made
papers with basis weights of 26, 42, 69, and 90 lb/1000 ft2 . The unbleached kraft
handsheets have the same nominal basis weight (206 g/m2) but were wet pressed or
refined at different pressures or times, respectively. The C series are hand drawdown
clay-latex coatings on a commercial coating grade raw stock. The subscripts -1L and
-1H refer to single-side coatings at light and heavy coat weights, and -2L and -2H
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The effect of orientation of the electric field with respect to the
machine direction of machine-made papers (NM052 and KL205) was determined by cutting
the samples at different angles to the machine direction. Changes in permittivity
with measuring frequency, temperature, and moisture content were also studied.
All specimens were cut to the dimensions of the waveguide. A problem
encountered in selecting 0.4" x 0.9" samples to fit in the waveguide was that weight
and caliper could vary significantly in the sheet from which the sample was cut. In
fact in some cases the variance due to sample location masked the effect caused by
process variables. In sample groups having roughly the same basis weight (the BK and
UK samples), this problem was minimized by choosing waveguide samples of equal weight.
When samples were cut for electric field orientation comparisons, both caliper and
weight were equalized.
All experiments were carried out in a controlled environment, with specimens
conditioned in this environment for a period of at least 12 hours prior to testing.
In the studies of the effects of process variables, fillers, orientation, and
frequency, the experiments were performed in an environment of 73°F and 50% RH. For
the moisture content studies, experiments were performed with a number of samples at
relative humidities of 15, 24, 35, 45, 50, 60, 75, 80, and 90% at 73°F and 35, 50, and
75% at 100°F.
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RESULTS AND DISCUSSION
The permittivities of the samples were measured as described earlier.
Tables II and III give the results of the experimental measurements. The scatter in
the data, as specified in the experimental section, indicates that it.'is possible to
approximate a sheet of paper as a homogeneous dielectric slab with an uncertainty
of + 0.05 in E. This represents about 3% of the value of a typical E' and about
15% of E". The effect of changing frequency, over the experimental range of the
equipment, is shown in Fig. 8. The behavior is as expected from the measured behavior
of liquid water at these frequencies. That is, c' is expected to decrease with
frequency, while £" increases. In all of the results discussed below, the frequency
was held constant at 9.6 GHz.
Figure 9 shows the effect of moisture content on the permittivity of a
newsprint sample. The general concave upward form of the curves is typical of
all of the samples tested. There are at least two possible explanations for this
behavior. One is that at higher moisture levels a larger portion of the water is
"free." As discussed earlier, free water is thought by some authors (4) to have a
higher dielectric constant than "bound" water at microwave frequencies. If each
additional increment of moisture has a higher dielectric constant, a steadily in-
creasing slope is expected. The second explanation comes from dielectric mixture
theory. Paper can be thought of as a heterogeneous mixture of fiber, air, and water.
If the geometry of the system could be specified, the effective dielectric constant
of the sheet could be calculated from dielectric properties and amount of each con-
stituent present. This is not feasible, but it is possible to infer a trend by
studying the properties of other mixtures. When the dielectric constant of a two-
component mixture is plotted as a function of the concentration of the higher
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This is because (except in the case of parallel addition) the areas of high permit-
tivity become.more contiguous in the electric field direction as concentration
increases.
If the curves in Fig. 9 are extrapolated back to zero percent moisture the
values for E' and £" are approximately 1.6 and zero, respectively. These "oven dry"
values are presumably representative of the cellulose-air fraction of the sheet.
(The extent to which "bound water" affects these values, if it is present, is of
course uncertain.) The low value of £" for the oven dry newsprint implies that
cellulose is a very low loss material, at least at the measuring frequency of 9.6
GHz.
Figure 10 is a similar plot for a machine-made kraft linerboard. Liner-
board data were not as reproducible as that from the other samples. As a result, they
did not fit a smooth curve as closely. This is presumably due to the high degree of
two sidedness in these materials. There are two sets of curves presented in Fig. 10,
one with the electric field in the waveguide aligned in the machine direction and one.
in the cross machine direction. These curves demonstrate the anisotropy of the
dielectric constant in a machine-made sheet. Notice the dielectric constant is
larger in the machine direction. This is caused by the preferred alignment of fibers
in this direction. The microwave dielectric properties of:a sheet can largely be
attributed to the moisture, which in turn acquires a spacial structure from fiber
alignment. This anisotropy in the moisture geometry results in dielectric anisotropy.
A simplified way of visualizing the effect is to note that the sheet looks more like a
distribution of capacitors in parallel to a machine direction electric field, and more
like a series distribution to a cross machine electric field.
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The pairs of curves for e' or e" diverge as the moisture content increases.
This is consistent with the idea that the moisture effects are dominant in paper, but
that the underlying cause for the anisotropy is at the fiber level. Although the
scatter in the data obscures the trend somewhat, the ratio of El' to El (or e' to Et)
remains nearly constant over the moisture range studied.
Figure 11 illustrates the same effect by plotting permittivity versus
electric field orientation for a machine made newsprint. Data such as that shown in
Fig. 11 suggest that dielectric measurements offer one method for measuring the
anisotropy of a machine made paper. This should be possible on moving webs, and,
if the explanation offered above is correct, should be independent of moisture
content. [The anisotropy ratio referred to here, of course, is not that usually
defined in terms of the ratio of elastic moduli in the plane of the sheet. The
latter has contributions from both fiber alignment and drying restraints. The
"dielectric anisotropy," however, is believed to involve only fiber orientation
effects.
Dielectric constant versus moisture curves are shown in Fig. 12 at two
temperatures, 73°F and 100°F. The dielectric behavior of substances which absorb
water is a complicated function of temperature. Increasing the temperature can
free dipole motion and thereby raise £'. This can also move the E" absorption peaks
to higher frequencies and can cause increases or decreases in E", depending on peak
locations. On the other hand, an increased temperature can lead to a greater drag on
rotating dipoles and perhaps a lower e'. In the case of liquid water at these
frequencies, s' increases and E" decreases with increasing temperature. Nevertheless,
the observed results (both E' and E" increasing) are perhaps not surprising due to
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The dielectric constant is a bulk property of a material, and thus it
should not be well correlated with basis weight. Figure 13 shows dielectric constant
versus moisture for four newsprint samples differing in basis weight. The effect of
basis weight at low moistures is undetectable. The data at the highest moistures
show a small increase of dielectric constant with basis weight.
The increase in dielectric constant due to wet pressing, refining, and
calendering, is demonstrated in Fig. 14, 15, and 16, respectively. All three of these
papermaking processes increase the sheet density. In general, a density increase
results in a tighter packing of dipoles, and thus, a larger dielectric constant. If
there is no inherent change in the dielectric properties of the wet fiber, the den-
sity change alone should account for the change in dielectric constant. In order
to estimate the effect of density increase, paper is modeled as a two-phase dielectric
mixture of wet fiber and air. Knowing the fiber density, the volume fraction of air,
q, can be calculated from the measured values of basis weight and caliper. If the
detailed geometry of the sheet were known, the effective dielectric constant of the
sheet could be calculated from q, the volume fraction of air, and the dielectric
constant of the fiber, C . For the sake of mathematical simplicity, the sheet
geometry is approximated as that of spherical air inclusions in a fiber matrix.
Using this assumption, the dielectric constant of the sheet, E, ef, and q can be
related by the Maxwell-Garnett equation (7):
(2Ef + 1)(Ef - c) = q(£f - 1)(E + 2Ef).
Using this equation, the dielectric constants of the denser sheets can be estimated
from the measured dielectric constant of the least dense sheet, as follows. A value
for the fiber density is assumed and the q of the low density sheet is calculated. The
value of cf is calculated by the Maxwell-Garnett equation using q and the measured
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higher density sheet is found from the Maxwell-Garnett equation, using the Ef calcu-
lated above. These calculations were performed for the UK205 series of samples and
the results are included in Fig. 14 and 15, depicting the wet pressing and refining
results, respectively. The calculated dielectric constants at each moisture agree
quite favorably with the measured values, except at the highest moisture, where the
calculated values fall beneath the measured. The fiber density assumed was 1.6 g/cm 3,
but the calculated values were relatively insensitive to the assumed fiber density
in the range 1.3 to 1.7 g/cm3.
The generally good agreement between the predicted and measured dielectric
constants is taken as evidence that the dielectric effect of wet pressing and re-
fining is basically to change the volume fraction of air. It should be mentioned
that the Maxwell-Garnett equation requires values of q small enough that connected
inclusions are not occurring. This may not be the case here, where the calculated
q's are in the range of 50%, assuming a fiber density of 1.6 g/cm3. Nevertheless
the agreement noted above is quite good.
The comparisons of the calculated and measured dielectric constants for
the calendered samples, however, were not so good (not shown). In this case the
predicted values were considerably larger than the measured ones. If these bleached
kraft samples are representative of what occurs during the calendering process, the
poor agreement suggests something other than a simple density change is occurring.
Figure 17 demonstrates the effect of a TiO2 filler on the dielectric constant.
Since the real part of the dielectric constant of TiO2 (approximately 117) is larger
than that of water (approximately 80), a significant increase in E' is expected with
the addition of TiO2 . The observed increase in c', however, is small when compared
to that caused by an equal weight of water. The contribution of any component to the
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fraction, and geometry. The higher mass density of TiO2 (4.26 g/cm
3) explains some
of the lack of sensitivity. Perhaps more important is the fact that the TiO 2 exists
as isolated clumps on the fiber, causing a smaller effect than the water which is more
uniformly distributed. A more "connected" geometry leads to larger dielectric effects
for much the same reasons that conductors mixed in an insulating matrix cause greater
effects if they are connected.
The Maxwell-Garnett equation can also be used to estimate the effect of
TiO2 addition on the dielectric constant. This is done most easily by assuming the
TiO2 can be represented as spherical inclusions randomly distributed in a matrix
having the dielectric properties of the unfilled sheet. The relationship between
the dielectric constant of the filled sheet, E, to the dielectric constant of the
unfilled sheet, c , and the volume fraction of TiO2, Q, is
e = £o (1+2Q)+2 ° (1-Q))/(£T(1-Q)+£ (2+Q))
where £T is the dielectric constant of TiO2. Doping a sheet with spherical inclusions
is not an effective way to change dielectric constant. It is expected, therefore,
that the Maxwell-Garnett equation should underestimate the effect of the TiO2. This
is not the case, however, as the predicted increase in c' is about three times that
observed. The theory also predicts a slight increase in E", while the observed value
actually decreases slightly. The observed behavior can be explained in terms of the
change in moisture content which results from the TiO2 addition (see Fig. 17). All
the sheets were measured at the same relative humidity and the heavier doped sheets
have considerably less moisture. Most of this moisture decrease is due to the decreased
amount of fiber present as the TiO2 content is increased. This is accounted for by the
Maxwell-Garnett equation. Any additional moisture decrease could be due to TiO2 ob-
structing water absorption sites on the fiber. In this instance, less water than
Members of The Institute of Paper Chemistry Page 49
Project 3322 Report One
expected is found in the doped sheets resulting in lower E" (and E'). In summary,
it is proposed that the small effects noted when TiO2 is added is due to the dis-
connected geometry of the TiO2 , and possibly the TiO 2 blocking prospective water
absorption sites.
Figure 18 shows the effect of clay fillers on E' and E". The graph depicts
a small reduction in the dielectric constants with an increase in clay filler content.
Since the measured changes are small, and the maximum clay content is only 3.5%, this
trend should not be of great significance.
Figure 19 demonstrates the effect of clay coatings on the effective di-
electric constant of sheets at 50% RH. The value of E' increases noticeably, while
no significant change is detected in £". The coating is 100 parts of a kaolin clay
and 16 parts latex binder. Since this clay has a dielectric constant of only 2.6
when dry, the trend of £' in Fig. 19 is at first puzzling. As shown on the figure,
the ratio of water weight to fiber weight increases with coating weight. This in-
dicates that the coating is holding moisture. It is presumed that this moisture
causes the E' of the coating to be greater than the c' of the sheet, resulting in an
increase in the effective c' with coating weight.
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FUTURE WORK
Microwave moisture gages and microwave driers are designed to operate at
high moistures. Future work on this project will extend the moisture range from
about 20% moisture to near saturation. In order to make measurements at high
moistures, new methods for presenting the specimens to the existing apparatus
must be developed. This may require sealing conditioned specimens in thin plastic
"bags" for mounting in the shorted waveguide. The effect of the bag, of course, must
be accounted for. At the higher moistures, the problems of microwave drying of the
specimens and moisture gradients in the specimens must be reconsidered.
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APPENDIX
The dielectric constant calculations described in the body of the report
are preformed using the computer program listed below. The necessary inputs are read
from statements 11 and 16. Statement 11 reads in order the following quantities:
'X (DSS); the width of the waveguide in inches (A) (.9 for all data in this report);
the number of data points (N) (8 for all data in this report); sheet thickness
(THK); and the micrometer reading of the probe location with no sample (BEG). The
program is capable of calculating the dielectric constant using the unknown thickness
or the unknown short location technique. If the value of the thickness is nonzero, the
program is directed to employ the unknown short location method. If the thickness
is zero, the value of the 1st short to sheet distance is assumed to be zero, and the
unknown thickness calculations are made. Statement 16 reads in the values of the
distance in inches between 3dB points of the standing wave minima and the micrometer
setting for the minima.
The computer output includes the following in the order listed:
1. A table giving for each data point the value of the 3dB distance,
the minimum location, the absolute value of the reflection co-
efficient, the phase of the reflection coefficient, and the X
and Y component of the point;
2. The location of the center of the circle and its radius (XBAR,
YBAR, and RBAR);
3. The location of 0, the intersection of the lines between opposite
points (XC and YC);
4. The distance of each point from the circle;
5. The number of point nearest the circle;
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6. The absolute value and phase of each component of the scattering
matrix (LBij and THij);
7. The value of the calculated thickness or short location (THK or
DIS);
8. The values of a', e", and the loss angle along with an estimate
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